In this paper, we propose an approach, using Coloured Petri Nets (CPN) for modelling flexible manufacturing systems. We illustrate our methodology for a Flexibte Manufacturing Cell (FMC) with three machines and three robots.
INTRODUCTION
A Flexible Manufacturing System (FMS) is an integrated, computer controlled configuration of machine tools and automated material handling devices that simultaneously process medium-sized volumes of a variety of part types. High productivity is achieved in such systems by effectively incorporating principes of Group Technology, Total Quality Control, etc., and following production control strategies such as Manufacturing Resource Planning (MRP-11) and Just-inTime (JIT) production.
FMS is a discrete event dynamical system in which the workpieces of various job classes enter the system asynchronously and are processed concurrently, sharing the limited resources, viz., workstations, robots, MHSs, buffers and so on. Modelling, analysis and performance evaluation studies of FMSs a r e of immense practical interest to establish feasibility, evaluate qualitative and quantitative performance and compare alternative FMS configurations. In this paper, we establish the power of coloured Petri nets in modelling all the interactions in an FMS and also in establishing qualitative properties such as freedom from deadlocks, detection of specification errors, buffer overflows, etc.
A REVIEW O F MODELS FOR FMSs

Oueueing Networks
One of the recent developments in analytical models of manufacturing systems has been the growing use of queueing network (QN) models for system planning and operation. Network-of-queues models take into account system dynamics, interactions and uncertainties inherent in FMSs. Also efficient computational algorithqs are available for solving QN models. Solberg is a quintuple (P,T,C,I,O) where P = {p1,p2 ,..., pn) , n + 0, is a set of places,
tions sucx ghat l % T f 8 and P fl T = C(p) and C(t) are the sets of colours associated with place p E P and transition t T. Also l e t I(p,t): C(p)
where N is the set of all non-negative integers and
In this paper, we consider CPNs with finite number of places, finite number of transitions and finite colour sets.
Pictorially, places in CPNs are represented by circles and transitions by horizontal bars.
If I(pi,t.) (aih, 
We c a n now define the input and output functions. 
Example 2: Consider the CPN model shown in Fig.1 . Suppose we start the process with one job of each part type and one machine of each type, then the initial marking is In this marking the transition t l is enabled with respect to all its four colours.
I t can fire individually with respect to any one of the colours. Also it can fire concurrently with respect to colours (m1,,Jl) and (m2,J2) or (ml,J2) and (m2,J1). The markings reached in all these cases are given by 
Definition 6: L e t Q be a non-empty set of colours, of cardinality q. A weighted set of places, with respect to Q, is a function X defined on P such that Fig.3 . CPN model of an FMC with three machines, t h r e e robots and two part types.
We consider the processing of two part types J1, J with the following sequence of operations. 2
Each part type undergoes three stages of operations. For example, a part of type J I is first processed by m using a tool of type t l , then by m2 using a toof of type t2, and finally by m l using a tool of type tl. We assume that r1 loads a part into the system as soon as t h e machine meant for its first s t a g e of operation becomes free (Idle machine rule). Fig.3 shows a CPN model that captures all interactions in the above system.
We define the following colour sets MACHS =i ml"m2,m3) ; ROBOTS ={rljr2,r3)
The interpretation of t h e places and transitions and their colour sets is given in table 1. We now show the presence of a deadlock in the above system by considering the following sequence of events: (1) rI loads a p a r t of t y p e J1 into ml and starts processing this part. M, all transitions in t h e CPN model are disabled w.r.t. all their colours and hence M is a deadlock. It can be observed that this deadlock has occured because of the flow control policy which causes a fresh part to be loaded into the system whenever the machine that can do the first stage of processing on that part is available. If the flow control policy is such that a fresh part of a particular type is loaded into the system only when no unfinished part of that type is in the system, this deadlock can be avoided. Alternatively, by having a buffer to store all waiting parts, this deadlock can be avoided.
________________________________________---_-----
M(AMACHS) + FM . M(PR0C I) + FM2. M(PR0C 2 ) + FM . M(PROC! 3) + F M~. M(WAIT I) + FM . M(WAIT 4 + F M~. M(WAIT 3) = ml+m2+m3
CONCLUDING REMARKS
In this paper, we have established the nsefulness of colured Petri nets as a compact modelling tool for the description of automated manufacturing systems. By constructing the CPN model of a flexible manufacturing cell, we have shown the modelling power of CPNs22nd their use in deadlock investigation. Elsewhere , we have presented CPN models for (i) a flexible assembly cell with three machines and three robots, (ii) an FMS with operation flexibility, and (iii) a generalized FMS. We have also shown the analysis of these systems for deadlocks using the CPN invariants.
We are unable to include these examples owing to space constraints and the intereste d p d e r s may obtain a copy of the technical report from the first author,
